parts of the brain such as the basal ganglia and thalamus have over 10-fold risk for g-tube, while solitary injury to the pons has fourfold risk. Basal ganglia, thalamic, and pontine injury, combined, have a 91% probability of gastrostomy or long-term nasogastric tube. 3 Advances in biomedical sciences have led to better diagnostic and therapeutic strategies among HIE infants admitted to neonatal ICUs; however, mechanisms of feeding impairment in those patients remain undefined.
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Neurologic injuries have often been associated with aspiration, gastroesophageal reflux disease (GERD), and dysphagia in infants with feeding impairment. Abnormal oro-pharyngo-esophageal motility and brain-foregut interaction has been implicated as an underlying mechanism of these conditions. 7, 8 We have previously shown modifications of adaptive responses following mechano-stimulation in infants with HIE. 9 We have also shown that pharyngeal provocation results in altered proximal and distal esophageal peristalsis in HIE infants. 10 These studies together support the assumptions that infants with HIE had prolonged adaptive responses to pharyngeal and esophageal provocation, aberrant upper esophageal sphincter (UES) function, and decreased lower esophageal sphincter (LES) tone.
Healthy infants demonstrate maturational changes in pharyngoesophageal protective reflexes over an interval of 2-4 weeks
however, development of such reflexes among infants with HIE remains unclear. Therefore, we tested the hypothesis that pharyngeal provocation-induced adaptive swallowing and UES contractile reflexes are distinct across maturation among infants with HIE, compared to control infants. Our aim was to evaluate the neurosensory and neuromotor aspects of pharyngeal provocation-induced adaptive reflexes in HIE infants across maturation. The response latency, response magnitude, and the frequency of recruitment of these reflexes among HIE infants were evaluated longitudinally at 41.4±0.6 (HIE Time-1) and 46.5±0.6 weeks (HIE Time-2) postmenstrual age (PMA).
| MATERIALS AND METHODS

| Subjects
This study included 14 infants diagnosed with HIE (seven males, 3.3±0.1 kg; 39.8±0.4 weeks gestation age [GA]) and seven control infants (three males, 2.2±0.3 kg; 34.6±1.4 weeks GA). Infants were included in the HIE group if they were >37 weeks GA, experienced acute perinatal asphyxia as defined by the presence of an acute perinatal event (placental abruption, cord prolapse, and abnormal fetal heart rate), and presented with signs of encephalopathy per Sarnat staging. 11 All infants with HIE underwent whole body therapeutic hypothermia. 12 The control group included those who were born >31.0 weeks GA and had safe oral feeding skills at time of study and absence of HIE. Exclusion criteria for both groups included infants with > Grade 2 IVH and/or periventricular leukomalacia, chromosomal anomalies, or gastrointestinal surgeries. The study procedures were approved by the Institutional Review Board at Nationwide Children's
Hospital and the Health Insurance Portability and Accountability Acts.
Informed consent from parents was obtained prior to study. 
| Equipment and study protocol
| Data analysis
A total of 35 high-resolution pharyngo-esophageal manometry stud- • High-resolution manometry analysis showed that pharyngo-esophageal protective reflexes are impaired in HIE infants which may be responsible for inadequate clearance of secretions, ascending refluxate, and oropharyngeal bolus.
• Strategies to optimize these reflexes are needed to ensure aerodigestive safety during oral feeding. 
| Statistical analysis
Demographic characteristics were compared between HIE Time-1 and controls using unpaired t tests, Wilcoxon rank sum and chi-squared tests.
For comparison between HIE Time-1 and HIE Time-2, paired t tests were used for continuous outcomes, and McNemar's test was used for categorical outcomes. Linear mixed models and generalized estimating equations were used to compare manometric outcomes between HIE Time-1, HIE Time-2, and controls. Adjustment for multiple comparisons was made using the Bonferroni method. The two way mixed effects model was used to test the inter-rater reliability between investigators.
The intraclass correlation coefficient (ICC) was calculated to be 99.5% 
| RESULTS
Demographic characteristics for control and HIE infants at evaluation are described in 
| Effects of HIE on characteristics and distribution of the pharyngeal stimulus-induced reflexes
Pharyngo-esophageal manometric data outcomes are presented in Table 2 and Figure terminal swallow latency is decreased, (iv) smooth muscle contractile vigor is abnormally weak or failed, and (v) distal latency is increased.
| Provocative stimulus volume-response relationships
Using a stimulus volume escalation protocol, we tested the effect on sensory-motor responses, and the odds of having a response and summarized the data in Table 3 . 
| DISCUSSION
Normal maturation of aerodigestive functions among neonates is necessary for survival amidst dynamically changing anatomy and rapidly evolving oro-pharyngo-esophageal protective mechanisms. In general, pharyngo-esophageal protective reflexes advance within a 2-to 4-week time window. 10 However, during perinatal asphyxia, brain injury can be a critical barrier to neuronal and neuromuscular maturation, and this may contribute to delays with functional swallowing independence. The development of swallowing reflexes among HIE infants is not known. As maturation modifies the development of appropriate oro-pharyngo-esophageal mechanisms, we hypothesized that longitudinal maturation in infants with HIE will be different as these infants frequently have swallowing difficulties. Therefore, we investigated the longitudinal maturational trends of pharyngeal provocation-induced adaptive swallowing and UES reflexes in infants with HIE while comparing with oral-fed controls. This is the first study using provocative pharyngeal stimuli concurrent with high resolution manometry methods in infants.
Our data indicate that pharyngeal stimulus-induced reflexes are impaired in infants with HIE and are partially modified across 5 weeks of maturation. Despite full-term birth, perinatal asphyxia-induced HIE stuns the developmental progression of normal swallowing maturation, and accelerated strategies to optimize these and related reflexes are needed to ensure aerodigestive safety and oral feeding. Although the effect of maturation is the main research question in this study, it is important to note that for ethical reason we did not have a second longitudinal control group to match the longitudinal effect in HIE Time-2 patients.
Significantly, infants with HIE Time-1 (41.4±0.6 PMA) exhibited:
(i) increased UES resting tone, (ii) prolonged distal latency, and (iii) decreased CFV. Prolonged distal latency and decreased velocity may be due to neuronal inflammation or neuronal apoptosis, which may have led to poor conductivity of afferent and/or efferent communicating neurons. 23 Prolonged latency to primary response is seen consistently PMA). However, we found that the odds of having a PRS are 3.7 times with 0.3 mL vs odds of PRS with 0.1 mL (Table 2 ). This phenomenon is not noted in HIE Time-1 group and could be attributed to impaired mechanosensitivity or osmo-sensitivity to escalating stimulus volumes.
This finding also supports that greater stimulus magnitude (despite maturation) is needed to evoke swallowing reflexes at time-2, and may be related to partial recovery of neuromuscular functions. These alterations in stimulus-induced responses might be possible mechanisms for worsening feeding outcomes after NICU discharge, wherein 8% of infants who were successful feeders develop feeding problems as early as 6 months from discharge. 6 Normalization of UES basal tone and CFV in HIE infants at 46.5±0.6 PMA may be due to a decrease in inflammation and or down regulation of heightened cholinergic input to the T A B L E 2 Pharyngo-esophageal characteristics in hypoxic ischemic encephalopathy across maturation 
P<.05 vs controls
skeletal and smooth muscles. [24] [25] [26] Skeletal muscle hypertonicity along with smooth muscle hypotonicity was noted along with delays in distal latency. However, the number of pharyngeal waveforms was less and terminal swallow latency was shorter, thus suggesting that recovery of primary peristalsis mechanisms can occur over a period of ~5 weeks.
Although we have previously shown that infants with HIE have increased recruitment of PUCR as a primary response to pharyngeal provocation, 15 the factors affecting maturation of this reflex in HIE requires further study. Primary responses to pharyngeal provocation involve both sensory and motor pathways. It is known that sensory receptors and pathways grow more rapidly than motor pathways. 27 It is also known that corticospinal tracts become condensed at the level of the brainstem, 27 and could be influenced by diffuse cortical injury.
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Long-term follow-up studies are necessary to determine how enteric nervous system and autonomic nervous system adapt after HIE injury.
In our previous study, 28 we have investigated pharyngeal stimulationinduced reflexes across healthy maturation and have found significant increase in PRS and liquid volume-dependent increase in PRS recruitment frequency. Although adaptive aerodigestive protective responses seen in healthy maturation over a period of 5 weeks were noted previously by us, 28 such observations are not evident in HIE patient upon maturation in the current study. Differences in excitatory and inhibitory modulation may be contributory in HIE during maturation.
15,28
In conclusion, HIE infants showed increased UES basal tone, prolonged distal latency, and decreased CFV at HIE Time-1 when compared to controls. Moreover, with maturation (HIE Time-2), UES resting tone and distal latency were decreased, and increasing abnormal smooth muscle contractile vigor was observed, compared to HIE Time-1. Of note, these responses, except for abnormal contractile vigor, at HIE Time-2
were not significantly different from controls. Increased frequencyrecruitment of PRS responses at 0.3 mL and 0.5 mL (vs 0.1 mL) for both controls and infants at HIE Time-2 was significant. On the other hand, a 5-week maturation period in infants with HIE seem to have no effect in pharyngeal recruitment, frequency of polymorphic waveforms, total latency, and the presence of terminal swallow. Perhaps, the 5-week maturational period is not adequate to determine whether all these variables will improve or worsen. This is in turn related to the complex interplay between the cortical, sub-cortical, and cerebellar connectivity necessary for suck, swallow, and peristalsis. Precise understanding of the mechanisms requires functional neuroimaging such as functional near infrared spectroscopy. [29] [30] [31] Because dysphagia can be a surrogate clinical marker for aerodigestive dysfunctions and neurodevelopmental delays, 32 developing neurosensory and neuromotor markers to identify these infants early could aid in mechanistic diagnosis and in optimizing therapies to improve feeding outcomes. We speculate that in doing so, short-term and long-term feeding milestones will advance when pathophysiology-based interventions are instituted. Adequately powered studies with longer interval of maturational period will give more insight on the timeline of how HIE or of its disease-severity may modify the progression or recovery of impaired swallowing. Accelerated strategies to optimize these and related reflexes are needed to achieve earlier and better functional aerodigestive outcomes.
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